Segregation of the sexes within a species is a widespread behavioural phenomenon in both terrestrial and aquatic animals. In the marine realm, sexual segregation is exhibited by many taxa including whales, seals, seabirds and fish. Of the latter group, sharks may be particularly appropriate model animals to test theories on the mechanisms underlying sexual segregation, because sexual segregation is a general characteristic of shark populations, with both sexually dimorphic and monomorphic species being well represented among the approximately 400 extant species (Springer, 1967; Compagno, 1999) . The reproductive modes of sharks are diverse ranging from egg-laying (oviparity) to placental live-bearing (viviparity) (Wourms & Demski, 1993) . Among sexually dimorphic, viviparous shark species it is generally the female that is larger than the male, whilst in some oviparous species males are larger than females. Sexually monomorphic species also occur. Therefore, sharks possess a number of characteristics that make them an interesting alternative to terrestrial animal models for investigating the causes of sexual segregation.
In this chapter the prevalence and nature of sexual segregation in sharks is described and the relationship with reproductive modes is explored. Hypotheses suggested to account for sexual segregation in sharks are examined with respect to new field and laboratory behaviour studies of males and females of a monomorphic species, the lesser spotted dogfish (Scyliorhinus canicula). The chapter concludes by drawing together the main points from all shark studies to date, and suggests future directions for research in this area.
s e x ua l s e g r e g a t i o n i n s h a r k s Sharks and their relatives are members of an ancient lineage having first appeared in the late Silurian period about 415 million years ago. The cartilaginous fishes, class Chondrichthyes, to which sharks belong, are the oldest surviving group of jawed vertebrates (Wourms & Demski, 1993) . Extant sharks are a large and diverse group numbering about 400 species. They form an important component of marine ecosystems as macropredators and scavengers on other fish and invertebrates, although some large species feed opportunistically on whales, whilst others consume only zooplankton (Sims & Quayle, 1998) .
Sharks, skates and rays generally have larger brains than other ectothermic vertebrates. The relative size and structural complexity of sharks' brain-mass to body-mass ratios overlap the range for mammals and birds (Northcutt, 1977; Demski & Northcutt, 1996) , suggesting they may be capable of complex behaviours, for example, social systems with dominance hierarchies and segregation by age and sex (Myrberg & Gruber, 1974; Klimley, 1987) . Segregation by age is thought to be a universal feature of shark populations (Springer, 1967) . Size-assorted schools of active shark species may be maintained by the different swimming speeds that can be sustained by different-sized individuals (Wardle, 1993) . In addition to swimming capability, segregation by age in sharks may be common because of the increased risk of cannibalism and depredation of juveniles and subadults by mature individuals (Snelson et al., 1984; Morrissey & Gruber, 1993; Ebert, 2002) . This probably accounts for the fact that gravid females of some shark species undertake long-distance migrations to sheltered nursery grounds to give birth away from adult sharks (Feldheim et al., 2002) .
Similarly, segregation by sex is considered a general characteristic of shark populations (Springer, 1967; Klimley, 1987) and is also common among bony fishes (e.g. Becker, 1988; Robichaud & Rose, 2003;  Chapter 7). The first substantive evidence for sexual segregation in sharks came from studies made during the early part of the twentieth century (e.g. Ford, 1921; Hickling, 1930) . Observations of fishery landings showed significant bias in the sex ratio of fish caught by longlines and trawls, indicating that same-sex individuals aggregate, or that different sexes may occur preferentially in particular places. One species that attracted particular attention in this context was the spurdog (Squalus acanthias), a pelagic-demersal shark that forms large schools, which are targeted by commercial fishers (Compagno, 1984) . This species also shows pronounced sexual size dimorphism with females reaching up to 1 m in length at maturity compared to a maximum of 0.72 m in males (Compagno, 1984) . Ford (1921) collected data on the number of spurdog landed at Plymouth, England, and found that 92% of those captured in November were mature females. Over the following year, records showed that the sex ratio of landings varied widely, with four categories of schools evident: large females that were mostly gravid, exclusively mature males, immature females, and immature males and females in equal number. Ford (1921) concluded that inequality in sex composition of the schools was largely due to the tendency of individual S. acanthias to school with others of similar size and sex. This type of sexual segregation was termed 'behavioural' (Backus et al., 1956) .
Investigations of the lesser spotted dogfish (Scyliorhinus canicula) by Ford (1921) also described what was called 'geographical' sexual segregation (Backus et al., 1956) . Several thousand specimens of this benthic catshark examined at Plymouth, England, showed that males apparently dominated catches during winter (65% of numbers caught) whereas females marginally predominated in summer (58%). These changes over time were interpreted as being the result of same-sex individuals clustering more often in preferred habitat, rather than in other available habitats. Over the next 40 years, numerous studies similarly documented unequal sex ratios in fishery and fishery-independent catches of sharks. Geographical segregation was shown to be present in oceanic whitetip sharks (Carcharhinus longimanus) in the Gulf of Mexico (Backus et al., 1956) and in school sharks (Galeorhinus galeus) off southern Australia (Olsen, 1954) . Furthermore, landings of G. galeus off California showed that not only did catch composition vary by area with respect to the ratio of sexes present, but also with depth, with females occurring in shallower water than males (Ripley, 1946) .
By the end of the 1960s, there was a burgeoning literature of observations of sexual segregation in sharks (Bullis, 1967; Springer, 1967) . Further studies in the 1970s and 1980s expanded the number of species for which sexual segregation was observed or suspected (e.g. Sphyrna tiburo, Myrberg & Gruber, 1974; Prionace glauca, Stevens, 1976 , Pratt, 1979 Carcharias taurus, Gilmore et al., 1983; Sphyrna lewini, Klimley, 1985; Carcharhinus amblyrhynchos, McKibben & Nelson, 1986) . A review of Compagno's (1984) catalogue of biological data on 340 species makes reference to sexual segregation for 38 species (Table 8 .1). Despite this, by 1987 the causes of sexual segregation had not been formally investigated in any species, although differences in swimming capabilities, (Compagno, 1984; Richardson et al., 2000; Pratt & Carrier, 2001) . Very many of the other 400 or so shark species have not been studied in sufficient detail. The degree of sexual dimorphism is given as the relative (percentage) difference in minimum total length at sexual maturity between female and male, where positive values indicate larger females and negative values larger males. The reproductive modes are denoted by ovoviviparous (O), oviparous (Ov) and viviparous (V). Information on whether species were most often solitary and/or found in groups or aggregations (termed social) was taken from Compagno (1984) . dietary preferences, absence of aggression between similar-sized sharks, or migration of gravid females to nursery grounds, were all forwarded as possible explanations (Springer, 1967; Klimley, 1987) . One suggested explanation for the cause of sexual segregation in mammals is the effects of sexual body-size dimorphism (Ruckstuhl & Neuhaus, 2000) . Differences in size at maturity between males and females of the same species occurs widely in sharks and appears related to the mode of reproduction. Sharks reproduce by internal fertilization via the paired intromittent organs of the male. Fecundity is low because females produce a few large, heavily yolked eggs, with embryonic development taking a relatively long time, such that offspring are generally large and well developed at parturition (Wourms & Demski, 1993) . Oviparity is the primitive form of reproductive mode. However, whilst oviparity is the primitive form, it is not the most common reproductive mode as the majority of sharks (∼70%) are live-bearers (Wourms & Demski, 1993) . Within these, about five different types of viviparity occur (Dulvy & Reynolds, 1997) . The numbers of young produced by live-bearing species varies, but generally most species (∼80%) give birth to between 2 and 16 offspring. Generally speaking, larger live-bearing sharks have larger litter sizes, or greater relative offspring biomass, compared with smaller individuals. The planktivorous whale shark (Rhiniodon typus) for example, reaches over 12 m in length and also produces the highest number of embryos, around 300 (Joung et al., 1996) . The second largest species, however, the basking shark (Cetorhinus maximus) reaches about 11 m but produces only 6 offspring, although these are large (2 m long) individuals (Sund, 1943) .
The adoption of live-bearing reproductive modes where gestation times can be as long as 22 months (Wourms & Demski, 1993) appears to have a profound effect on the body size of female sharks. Analysis of the difference in female to male size at maturity in 159 species for which there are sufficient data, reveals female live-bearing sharks to be between 10 and 16% longer than males of the same species ( Fig. 8.1 ). The differences observed for ovoviviparous and viviparous modes are significantly higher than those observed in egg-laying species (∼1%), which suggests that the evolution of larger female body size within a species arises from a live-bearing reproductive mode and the resulting impact of female body size on fecundity. Differences in size are likely to lead to differences in rates of energy intake and expenditure because larger animals have higher absolute energy requirements but lower mass-specific costs than smaller individuals (Schmidt-Nielsen, 1972; Gillooly et al., 2001) . Different energy requirements may necessitate the selection of different forage conditions and/or habitat. The fact that the majority of shark species have females that are larger than males may mean that different energetic requirements could be a prime determinant of sexual segregation in sharks.
h y p o t h e s e s a b o u t s e x ua l s e g r e g a t i o n
The first study to propose a formal hypothesis to explain sexual segregation in a shark species (the scalloped hammerhead, Sphyrna lewini) focused on the apparent effects of sexual size dimorphism on behaviour and ecology (Klimley, 1987) . Fishery data on the size, sex, reproductive state and stomach contents of S. lewini captured in bottom longlines or gill-nets in the Gulf of California were used to examine the possible underlying causes of sexual segregation. Klimley (1987) found that subadult females were captured more often in deeper water than similar-sized males, implying they moved offshore at a smaller size. This observation was supported by stereophotographic records of freeswimming S. lewini at offshore sites showing an increased percentage of larger females compared to males. Although based on small sample sizes, dietary analysis suggested a divergence between the sexes, with females feeding more on epipelagic and mesopelagic prey than males. There was also marginal support for the biomass of stomach contents of females being greater than that of males. This led Klimley (1987) to speculate that greater consumption of energy-rich pelagic prey in an offshore habitat would allow females to grow faster than similar-aged males remaining inshore. Female S. lewini are no different from many shark species in that they mature at a larger size than males ( Fig. 8 .1) (Compagno, 1984) . Therefore, Klimley (1987) proposed that female S. lewini segregate from males by moving to an offshore habitat that confers increased growth rates such that they reach maturity at a larger size than similar aged males, which is necessary to support large embryos. It was suggested that this strategy would act to match the reproductive lifetime of females with that of males.
Using the existing theoretical framework, developed largely from terrestrial mammal studies, to examine whether the factors underlying sexual segregation in sharks are consistent with those found for mammals may provide much needed comparative data useful for understanding the evolution of sexual segregation. In broad terms Klimley's (1987) hypothesis for sexual segregation in scalloped hammerhead sharks falls within the forage selection hypothesis (also called sexual dimorphism --body size hypothesis). This was proposed as a proximate mechanism for sexual segregation in some species of ungulates (Main et al., 1996) . Briefly, this states that physiological factors related to nutrition are largely responsible for sexual segregation, because each sex satisfies their different physiological requirements. It predicts that sexes segregate because sexual body size differences lead to differences in food selection arising from different energy requirements (Ruckstuhl & Neuhaus, 2000) . For scalloped hammerheads off California, it was argued that sexual segregation by habitat was driven by the different physiological requirements between the sexes. However, there are several competing hypotheses that could explain Klimley's (1987) data equally well. Firstly, female scalloped hammerheads may move offshore prior to becoming sexually mature due to ecological factors (if, for example, predation risk differs between inshore and offshore areas). Sexual segregation arising from predation risk would then be consistent with the reproductive strategy hypothesis (predation risk hypothesis), which states that reproductive success of females is determined by offspring survival, and behaviours that reduce the risk of predation will be (Main et al., 1996) . In this hypothesis, females are thought to choose habitats that are firstly safe from predators, but only secondly choose habitat by food availability, whereas males seek habitats with high food availability (Ruckstuhl & Neuhaus, 2000) . This hypothesis cannot be discounted, because the difference in predation risk for female scalloped hammerheads between inshore and offshore habitats was not quantified by Klimley (1987) . Secondly, sexual differences in activity budgets and movement rates (activity budget hypothesis) may be key factors of sexual segregation (Ruckstuhl, 1998) . Here, sexes may become separated over time, even if initially in the same group, because activity budgets may differ significantly. Another possibility is that female scalloped hammerheads move offshore due to social factors. One aspect of the social factors hypothesis states that sexual segregation may be maintained by aggression of one sex towards the other (Main et al., 1996) . Therefore, subadult female scalloped hammerheads studied by Klimley (1987) could also leave inshore areas to avoid aggressive behaviour of males.
It remains unclear what causes sexual segregation in scalloped hammerheads because of equally valid and non-mutually exclusive competing hypotheses that were not evaluated. Therefore, systematic investigation of a number of factors and hypotheses within a single study of a single species provides a useful approach for examining which factors cause sexual segregation in sharks. It is possible that some elements of existing hypotheses developed from mammal studies apply to sharks, but there may also be important differences. a n e w a p p roac h
To remove the effects of body-size dimorphism on the behaviour of the sexes it seems profitable to study monomorphic species. Among sharks, these are principally the egg-laying species such as catsharks (Scyliorhinidae) and horn sharks (Heterodontidae) ( Table 8 .1, Fig. 8.1 ). However, it has been argued that segregation appears to be less well defined in these species compared to live-bearers because of the similarity in male to female sizes that result in similar nutritional requirements and, hence, much weaker sexual segregation as the forage selection (sexual dimorphism --body size) hypothesis suggests (Klimley, 1987) . Critically though, what was not considered in the latter author's discussion of monomorphic species was the role of sampling scale. Trawls, longlines and gill-nets have been used to capture sharks in most studies where sexual segregation has been described. Because egg-laying shark species are mostly small-bodied, their dispersal distances and home Cambridge Books Online © Cambridge University Press, 2009 of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9780511525629.009 ranges are smaller than those of large-bodied species (McLoughlin & O'Gower, 1971; Gruber et al., 1988; Bowman et al., 2002) . The fisherybased sampling techniques are, therefore, imprecise tools for documenting small animal movement and distribution patterns because deployments tend to last several hours or days and so integrate any fine-scale changes that may occur. This suggests that studies relying on fishery catches are less likely to find well defined segregation in smaller bodied species, simply due to the mismatch in the scale of sampling compared to a species' distribution patterns.
Studies on the behaviour of free-ranging monomorphic sharks, where movements and associations between individuals are measured directly, presents an appropriate system for testing hypotheses about the causes of sexual segregation. Here, sampling techniques can be matched readily to the same spatio-temporal scale as their movements and home ranges without the confounding effect of sex differences in body size. There have been very few studies on sexual segregation of free-ranging monomorphic sharks. This is principally because of the inherent difficulty of tracking fish movements and interpreting activity patterns in relation to marine habitats that are equally difficult to sample adequately. Recently though, causes of sexual segregation in monomorphic sharks have begun to be investigated in detail using three main hypotheses outlined earlier as a framework. Taking the forage selection hypothesis as a starting point leads to a testable prediction that (i) for species lacking sexual size dimorphism, segregation between the sexes should not occur because nutritional requirements are the same for males and females. The predation risk hypothesis predicts that (ii) males exploit areas where prey is most abundant while females reduce the risk of predation by increasing offspring security. Finally, one aspect of the social factors hypothesis indicates that (iii) sexual segregation is the product of aggression between males and females.
Behaviour of oviparous dogfish
The lesser spotted dogfish (Scyliorhinus canicula) has been used as a model species in recent studies that employ a multifaceted approach to unravel the causes of sexual segregation. The dogfish is a nocturnal predator and scavenger and is an appropriate model because it is sexually monomorphic, is large enough to be tracked in the wild by attaching electronic tags, but is also small enough to enable behavioural experimentation under controlled laboratory conditions. The recent research uses acoustic transmitters to track the movements of free-ranging male and female dogfish ( Fig. 8.2a ), together with simultaneous surveys of population abundance and distribution (Sims et al., 2001a) . Direct observations of male--female interactions and measurements of prey--density gradients in the microhabitats selected have been undertaken, in addition to mapping thermal habitat using electronic data loggers (Sims, 2003) . Laboratory experiments are used to determine metabolic costs at various levels of activity and to test specific hypotheses arising from field observations (Sims et al., 1993; Sims & Davies, 1994; Sims, 1996; Sims, 2003) .
Long-term acoustic tracking in S. canicula has been used to study individuals inhabiting Lough Hyne, a semi-enclosed sea lough in southwest Ireland that covers an area of only 0.6 km 2 (Fig. 8.2b) has a maximum depth of 50 m and is connected to the Atlantic Ocean via a narrow and shallow rapids (width <20 m, depth 1--3 m) with a distinct raised sill, which acts to limit immigration and emigration of fish (Sims et al., 2001a) . Tagged fish have been recaptured in the same bay where they were originally caught after periods of up to 7 years. Thus, this sheltered site provides a benign and relatively 'controlled' natural environment in which to investigate dogfish behaviour and sexual segregation over appropriate spatio-temporal scales.
Male behaviour
Male S. canicula tracked continuously in Lough Hyne showed similar patterns of low activity during the day in deep water (12--24 m) followed by more rapid movements into shallow areas (<4 m) at dusk (Sims et al., 2001a) . Males returned to the core space in deep water at dawn ( Fig. 8.3) . In contrast to the crepuscular activity peaks, nocturnal distances moved and rates of movement were similar to those during daytime. Male dogfish generally remained in shallow-water areas nocturnally, but saltatory activity decreased to daytime levels before the return to deep water at dawn. A conventional mark--recapture study and underwater observations, showed fish tagged at night in shallow areas returned to deep water, confirming the telemetry results (Sims et al., 2001a) .
The question of why males were making nocturnal excursions into shallow areas from deeper water occupied during daytime was addressed by measuring relative prey abundance in each location. Dogfish are considered generalist feeders and opportunists on a wide range of benthic invertebrate and fish prey (Lyle, 1983; Ellis et al., 1996) . This is reflected in the diet of S. canicula, which usually contains the most abundant and readily available prey items in the habitat occupied (Wetherbee et al., 1990) . The dogfish studied by Sims et al. (2001a) in Lough Hyne consumed primarily decapod crustaceans (swimming crabs, Liocarcinus spp.; the prawn, Palaemon serratus) and small teleost fishes. Day and night deployments of baited traps in the deep (18 m depth) and shallow (1.3 m) areas showed that irrespective of light phase the abundance of crabs, prawns and small fish was between 17 and 72 times higher in shallow water compared to deep habitat (Sims, 2003) . This indicates that the dogfish movements into shallow areas were foraging related and demonstrates that males prefer cooler thermal habitat close to highly productive feeding areas for their daytime resting phases.
The energetic costs and benefits of this behavioural strategy were investigated using electronic data loggers to record the thermal regime Cambridge Books Online © Cambridge University Press, 2009 of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9780511525629.009 B 6-6.5 5.5-6 5-5.5 4.5-5 4-4.5 3.5-4 3-3.5 2.5-3 2-2.5 1.5-2 1-1.5 0.5-1 0-0. in different areas, together with laboratory respirometry studies to determine rates of metabolism at different levels of activity. Temperature data loggers recording every two minutes were moored in the shallow (1.5 m depth) and deep (18 m depth) habitats occupied by male dogfish in the sea lough at the same time of year (August--September) when tracking studies were undertaken. Daytime temperatures in the shallow, prey-rich areas ranged from 16.0 to 17.7 • C, whereas at dusk, the temperature decreased rapidly such that during night time the shallows were <15.7 • C. Temperatures recorded in the deep habitat ranged from 14.9 to 15.7 • C. Thus, it appears that male dogfish move into the shallow, prey-rich habitat when the temperature of water there converges with that found in their deeper, daytime habitat, suggesting males may be sensitive to higher temperatures. In support of this, preliminary laboratory studies indicate males presented with a choice between two chambers differing by only 1 • C, actively select the colder side. Male dogfish may choose to occupy cold, deep habitat during the day to reduce energy costs associated with standard metabolism (R S : defined as metabolic rate at zero swimming speed), feeding metabolism (R F ) and active metabolism (R A ). In the laboratory, a temperature increase of 10 • C (from 7 to 17 • C) more than doubles oxygen uptake in S. canicula (Butler & Taylor, 1975) , so males moving into warm water would experience raised metabolic rates. For dogfish, the standard metabolism to body mass relationship at 15 • C (Sims, 1996) and the Q 10 value of 2.16 (Butler & Taylor, 1975) were used to calculate the energy costs attributable to R S for males remaining in shallow versus deep habitat. These calculations indicate that males remaining for 24 h in cooler water (15.3 • C) save 1.23 kJ, or 8.8% of R S costs compared to energy expenditure in warm-shallow habitat (16.5 • C). In reality, the observed male strategy would result in higher energy savings because R F and R A costs are between two and three times higher than standard rates (Sims et al., 1993; Sims & Davies, 1994) . Therefore, male dogfish reduce energy expenditure by conducting activity and digestion in the coolest water available near to preferred feeding areas (Fig. 8.3) .
Female refuging behaviour
Female dogfish exhibited a different behavioural strategy to males (Sims et al., 2001a; Sims, 2003) . Females preferentially spent between 62 and 73% of the time resting in female-only aggregations in labyrinthine caves located primarily in warm, shallow water (0.5--1.5 m). This refuging behaviour resulted in habitat segregation from males during the day and for some periods of the night. Female dogfish were, however, Hyne and the movements between them by individuals (arrows).
Refuges contain between 1 and 25 females.
active for a few hours every night, or every second or third night, principally in deep water (Sims et al., 2001a; Sims, 2003) . Hence, there was some degree of overlap in nocturnal habitat usage although areas of activity were often quite distinct (Fig. 8.3) . Between one and four cave refuges were used by individual females, but generally each showed pronounced philopatry to a preferred refuge ( Fig. 8.4 ). Up to 25 females have been observed to aggregate in one of the most popular refuges. This pattern of usage indicates that the locations of refuges are known by individuals and that these caves represent long-term 'homes' for female dogfish. Taken together, the observations strongly suggest male and female dogfish exhibit alternative strategies that act to segregate them in both space and time. But what are the causes of these different patterns of behaviour?
h y p o t h e s i s t e s t i ng

Sexual dimorphism --body size (forage selection) hypothesis
The prediction is that for species lacking sexual size dimorphism, segregation between the sexes should not occur, or should be limited, because nutritional requirements are the same for males and females. Indeed, a trawling study in the North Aegean Sea showed an absence of sexual segregation in S. canicula (D'Onghia et al., 1995) . In contrast, the studies by Sims et al. (2001a) indicate that male and female dogfish exhibit fine-scale segregation by occupying different habitat for between 62 and 73% of the time. This pattern appears stable throughout different seasons. The hypothesis that monomorphic species of shark do not segregate over various spatio-temporal scales can therefore not be supported. Dogfish, however, exhibit less pronounced sexual segregation over broad spatial scales because although male and female habitats are different, they are not necessarily well separated. Females have a similar diet to males (Lyle, 1983) presumably because there is sufficient overlap in nocturnal foraging habitat.
Reproductive strategy (predation risk) hypothesis
One prediction arising from the reproductive strategy hypothesis, states that males should exploit areas where prey are most abundant. The strategy used by male dogfish was broadly consistent with this idea. Male activity space in Lough Hyne was located in, or very close to, preyrich areas (Kitching & Ebling, 1967; Sims, 2003) . Under this hypothesis, females, in contrast, are predicted to segregate so as to reduce predation risk and increase offspring security. Refuging in caves for long periods presumably reduces predation risk for adult female dogfish. Therefore, superficially at least, the behaviour of males and females appears to correspond well with this hypothesis. Dedicated studies are needed to determine the effects of predator activity on adult sharks to test this hypothesis fully. This is because predators of dogfish are few, especially in the tidal lough where they were studied (Sims et al., 2001a) . Adult dogfish (∼0.7 m total length) are likely to be at risk from larger sharks, rays and seals. In Lough Hyne, the larger species of shark (nursehound, Scyliorhinus stellaris; angel shark, Squatina squatina) and ray (thornback, Raja clavata) are rare (Minchin, 1987) . However, grey seals (Halichoerus grypus), sometimes in small groups, have been observed to enter the lough, and may remain there for some weeks. Although dogfish carcasses attributable to characteristic seal predation have not been encountered regularly, the potential for predation by seals cannot be discounted, although it is likely to be low. H. grypus have been observed hunting teleost fishes and a high proportion of calcified otoliths in seal scats in the lough indicates a diet dominated by bony fishes (D. W. Sims, unpublished data). In support of the suggestion that predation risk is low, female dogfish were observed Cambridge Books Online © Cambridge University Press, 2009 of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9780511525629.009 refuging even when seals were not present. Fish are known to exhibit less caution when immediate predation risk decreases (Milinski, 1993) , which taken together with the observations for dogfish, raises the possibility that refuging to avoid predators may be a minor proponent of sexual segregation in adult sharks.
Thermal niche --fecundity hypothesis
While female dogfish in the lough have an apparently low risk of predation they still refuge whereas males do not. The reproductive strategy hypothesis states that females should segregate to improve offspring security, which could account for this behaviour because females produce two eggs every two weeks that are fertilized from stored sperm. Refuging effectively protects this energetic investment. The results from studies on dogfish indicate that choice of refuge may also depend on habitat selection due to abiotic factors that may act to increase fecundity.
All the favoured, most well-populated refuges used by female dogfish in Lough Hyne are in shallow, warm water ( Fig. 8.4) (Sims et al., 2001a) . Despite the availability of deeper refuge habitat, this is used much less frequently. This suggests that selection of an appropriate thermal niche may be an important mechanism in refuging, and hence, sexual segregation. Like most other fish, S. canicula are ectothermic, with body temperatures determined by ambient water temperature. The rates of egg production could be increased by females selecting warmer waters for daytime resting behaviour. Furthermore, the increased metabolic costs associated with increased body temperature (see section Male behaviour) would be minimized by females remaining inactive. Preliminary thermal-choice chamber experiments indicate female S. canicula are relatively insensitive to increased thermal conditions compared with males, which always choose the coldest available habitat (D. W. Sims, unpublished data). Hence, sex differences in thermal preferences may have an as yet unappreciated role in determining sexual segregation in sharks. However, for this hypothesis (which I term the 'thermal niche --fecundity' hypothesis) to be broadly applicable, a key question is whether thermal conditions influence sexual segregation in other shark species, including dimorphic ones?
It has been proposed that social factors may be more important in determining sexual segregation than environmental factors (Conradt, 1999) . Environmental factors such as temperature are critical for ectothermic species such as fish and invertebrates, because Cambridge Books Online © Cambridge University Press, 2009 of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9780511525629.009 even relatively small changes in temperature can have a disproportionately large effect on many aspects of behaviour and ecological function (Wood & McDonald, 1997; Sims et al., 2001b) . A reappraisal of the available literature in light of the new studies with dogfish (Sims et al., 2001a; Sims, 2003) shows the importance of thermal conditions for the occurrence of sexual segregation. It was suggested by Springer (1967) for pelagic sharks that sexual segregation occurs in part due to males moving towards colder waters while gravid females remain in warmer shelf waters. For sharks of the genus Carcharhinus, which are live-bearers displaying sexual size dimorphism, the proportion of males is greater in the southern zone off South Africa, which is colder, than the northern region where females are more abundant (Bass et al., 1973) . Similarly, female grey reef sharks (Carcharhinus amblyrhynchos) in the Pacific form female-only aggregations in shallow, warm water away from males (Economakis & Lobel, 1998) . Interestingly, the lack of sexual segregation in dogfish in the Aegean Sea compared with the Atlantic appears to be linked to the homeothermic conditions of this region of the Mediterranean, which remain between 13.5 and 14.0 • C where the dogfish are found (D'Onghia et al., 1995) . Therefore, it seems that thermal habitat may play an important role in sexual segregation in both monomorphic and dimorphic shark species, and could occur to increase fecundity.
Social factors hypothesis
Sexual segregation resulting from aggressive behaviour of males towards females is an aspect of the social factors hypothesis stated earlier. Mating in sharks is known to be aggressive (Tricas & Le Feuvre, 1985; Carrier et al., 1994) where males may bite females repeatedly during courtship and copulation, often leaving substantial wounds (Stevens, 1974; Pratt & Carrier, 2001) . To combat this, females of species such as the blue shark possess skin more than twice as thick as that of males (Pratt, 1979) . Courtship and copulation in S. canicula is also protracted and aggressive, usually consisting of many males pursuing the female, tugging violently and biting her (Dodd, 1983 Harris, 1952) so, theoretically, constant access to males by females is not necessary.
If male aggression causes sexual segregation in dogfish the prediction is that males should concentrate their activity at female-only refuges when females are most likely to be available. Furthermore, when females are encountered, males should engage in courtship and mating. Direct observations of a female refuge in Lough Hyne have been made continuously over numerous 24-h periods. Results support the hypothesis, because male dogfish only appeared outside the refuge when the largest numbers of females were leaving or returning (Sims, 2003) . Unsuccessful mating attempts were also seen, with females exhibiting a fast-swimming escape response into a refuge to avoid courtship from multiple males (V. J. Wearmouth & E. J. Southall, unpublished data). Refuging in shallow water by females to avoid copulation by dominant males occurs in nurse sharks (Pratt & Carrier, 2001) , so refuging as a male-avoidance strategy may be a principal determinant of sexual segregation in sharks during the breeding season. Dogfish, however, do not have a distinct breeding season (Metten, 1939b) with females producing eggs for much of the year. This species characteristic may in part contribute to the observed inter-seasonal persistence of refuging by female dogfish. This species may therefore be a temporally stable model for examining the role of male aggression in structuring sexual segregation in shark populations.
c o n c l u s i o n s
Until recently, the causes of segregation by sex in sharks were not the subject of systematic, hypothesis-led investigations of behaviour. This chapter presents a new look at old results from a broad range of species, and discusses new results that use monomorphic dogfish as a model species. So what have we learnt?
Competing hypotheses have been put forward to explain sexual segregation in animals. A critical look at the available information presented here indicates that some or all of these may contribute to sexual segregation in sharks. The early idea that sex differences in body size accounts for the degree of sexual segregation in sharks, is not supported by recent work showing that pronounced sexual segregation occurs also in species without sexual body-size dimorphism. However, live-bearing shark species showing distinct dimorphism may segregate, at least in part, because of sex differences in selection of thermal and/or foraging habitat. Recent behavioural studies show that sex differences in thermal niche contribute to observed habitat segregations in both dimorphic Cambridge Books Online © Cambridge University Press, 2009 of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9780511525629.009 and monomorphic species, differences which may be linked to enhancing fecundity. What emerges from all this is that the causes of sexual segregation in sharks are complex and unlikely to be explained by a single existing hypothesis. Dogfish sexes, for example, segregate due to a combination of social, reproductive and sex-specific physiological factors. Segregation in dogfish appears to be driven principally by aggressive courtship and mating behaviour of males towards females, which apparently respond by forming female-only aggregations in caves. However, another component that determines which refuges are selected appears to be sex differences in thermal-habitat choice related to maximizing surplus power for egg production. Taking another example, juvenile female scalloped hammerheads appear to segregate from males by moving offshore to exploit high-energy prey that confer high growth rates. These rates are important to maintain, because reproductive success of females that are live-bearers is influenced by body size to a greater degree than it is for males. It is suggested that females move to offshore habitats and accept higher predation risk to attain higher rates of growth at the juvenile stage. Clearly, this scenario for hammerhead sharks comprises elements of both the sexual dimorphism --body size hypothesis and the reproductive strategy hypothesis. Because of this complexity, in the future a fruitful approach would be to integrate physiological and behavioural methods within each study to help identify the relative importance of contributing factors. By determining the relative energy cost to each sex of behaviours such as male--female interactions, it may be easier to assess the causes of observed segregations. For example, determining why female dogfish segregate by refuging together in caves will require combining measures of how temperature influences egg production rates, the extent to which females in laboratory thermal-choice studies select particular thermal habitat, and how the presence of males affects either or both of these, in addition to how predation risk modifies responses. Integrating energetics and behaviour in this way should provide an insightful 'cost--benefit' component to studies of sexual segregation in sharks and probably other species as well. ac k n ow l e d g e m e n t s I am grateful to J. Nash, D. Morritt, E. Southall, V. Wearmouth, J. Hill and P. Moore for helping to undertake the research and for many useful discussions, and to the director and staff of the Marine Biological Association (MBA) for providing a stimulating research environment. The Cambridge Books Online © Cambridge University Press, 2009 of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/CBO9780511525629.009 Downloaded from https://www.cambridge.org/core. IP address: 54.70.40.11, on 18 Sep 2019 at 15:37:44, subject to the Cambridge Core terms
